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An  Array  Technique  for  Zenith  to  Horizon  Coverage 


1.  INTRODUCTION 


Conventionally  phased  arrays  suffer  seriously  decreased  efficiency  when 
scanned  to  regions  near  endfire.  Typical  results  for  arrays  with  nominal 
20-30 dB  gain,  mounted  on  cylinders  to  simulate  an  aircraft  fuselage,  show 
gain  reductions  of  7 to  10  dB  at  endfire  compared  with  broadside  radiation,  even 
when  the  array  has  been  scan  matched  at  angles  near  endfire.  ’ Typical 


aperture  efficiencies  for  such  arrays  are  between  10  and  15  percent  at  the 
horizon,  because  these  arrays  have  2 to  3dB  additional  mismatch  loss  at  broad- 
side. Recent  efforts'^'4  have  included  the  use  of  dielectric  structures  over  or  in 
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the  vicinity  of  the  array,  and  have  shown  that  these  means  also  improve  gain 
coverage  within  the  hemisphere  so  that  the  envelope  of  peak  radiation  gain  is 
always  within  about  GdB  of  the  maximum  radiation  over  a narrow  frequency 
range.  Computations^  have  shown  that  the  coverage  obtainable  from  an  array 
with  23  cl  1 i nominal  gain  presents  maximum  oscillations  of  8dB  over  a 10  percent 
bandwidth  and  GdB  over  a narrower  band.  This  data  was  obtained  for  an  array 
covered  with  a layer  of  e 4 material,  0.075X  thick,  extending  over  and  beyond 
t Be  array.  These  results  show  encouraging  advances  over  the  earlier  published 
work  using  impedance  matching,  but,  as  shown  in  Appendix  B,  they  still  exhibit 
substantially  more  gain  falloff  than  would  be  anticipated  if  the  beamwidth  and 
directivity  were  those  of  uniformally  illuminated  arrays  with  progressively- 
phased  elements0  “or  optimized  surface  wave  elements. 

A new  concept  in  wide-angle  coverage  arrays  is  investigated  in  this  experi- 
mental program  and  has  application  to  the  problem  of  providing  low  cost, 
efficient  antennas  with  hemispherical  coverage  for  aircraft-to-satellite  com- 
munication links.  This  concept  involves  the  use  of  a dual  mode  radiating 
structure  consisting  of  a conventional  waveguide  phased  array  and  the  added 
feature  that  each  waveguide  can  be  short-circuited  to  form  a corrugated  surface 
for  endfire  radiation.  The  phased  array  is,  therefore,  used  over  a wide  angle 
scanning  range,  but  is  not  required  to  provide  radiation  at  endfire.  Endfire 
radiation  is  obtained  by'  exciting  the  shorted  corrugated  structure  witli  a separate 
waveguide  feed.  The  array  is  rotated  to  give  hemispherical  coverage. 

This  report  describes  the  results  of  an  experimental  program  designed  to 
test  the  validity  of  this  concept.  Quoted  values  of  gain  were  measured  by 
comparison  with  a standard  gain  horn.  Data  were  repeatable  to  within  ±.  5dB. 
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2.  PATTERNS  FOR  THE  BASIC  ARRAY 


Figure  1 shows  an  array  of  64  waveguide  elements  excited  as  a corrugated 
structure  by  an  eight-element  surface-wave  feed.  The  array  is  also  excited  by  a 
64-way  power  divider  and  eight  phase  shifters  to  form  a beam  scanned  in  the 
elevation  plane,  as  shown  in  Figure  2.  In  practice,  the  waveguides  would  be 
short-circuited  by  diodes  or  mechanical  shutter  switches  to  form  the  corrugated 


Figure  1.  Short- 
Circuited  Array 
Excited  as  a 
Corrugated  Surface 


Figure  2.  The 
64 -Element  Array 
and  Power  Dividers 


-surface  fur  endfire  radiation,  but  tin-  experiment  was  conducted  using  fixed 
short  circuits  placed  1 in.  from  the  radiating  end  of  each  waveguide.  This  dis- 
tance corresponds  to  slightly  more  than  3.-g/4,  so  the  corrugated  surface  has  a 
capacitive  surface. 

The  waveguides  are  standard  /-band  guides,  with  0.  050-in.  walls,  having 
outer  dimensions  of  . > in.  x 1.0  in.  The  11  y B array  thus  measures  8 in.  x 4 in. 
The  ground  plane,  partially  shown  in  Figure  1,  measured  6 - ft  wide  and  had  a 4 - ft 
curved  surface  with  an  84  in.  radius  extending  in  front  of  the  antenna  st.-ucture. 

Figure  1 shows  the  envelope  of  beam  peaks  indicating  measured  array  gain 


at  i‘.  5 (lllz  for  a number  of  beams  within  the  sector.  Included  is  one  beam 
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Figure  3.  The  64-Element  Array  and  8-Element  Column 
Array  Gain  at  9.  5 GHz 


scanned  to  the  horizon  and  one  formed  by  the  excited  corrugated  structure.  The 
various  beam  peaks  are  distinguished  by  using  differently  coded  lines  in  the 
figures.  Within  each  column  the  elements  were  excited  with  progressive  phase 
angles  nl,  where  4 takes  on  the  values  of  0°  for  Beam  0,  45°  for  Beam  I,  90° 
for  Beam  II,  135°  for  Beam  III,  and  145°  for  Beam  IV.  The  endfire  beam 
generated  by  the  surface  wave  structure  is  Beam  V.  At  the  designated  center 
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frequency  9.  5 GHz,  the  computed  beam  radiation  angles  for  beams  zero  through 
four  are  0°,  18°,  38°,  (59°,  and  endfire.  The  actual  beam  angles  as  shown  in 
the  figures  differ  from  these  angles  because  of  the  cumulative  effect  of  mutual 
coupling  and  element  pattern  falloff.  The  data  show  that  the  surface  wave  beam 
provides  approximately  GdB  gain  increase  at  the  horizon  as  compared  with  the 
scanned  endfire  beam,  and  that,  in  fact,  the  achievable  gain  at  the  horizon  is 
17dB;  this  is  only  4dB  below  the  maximum,  and  the  peak  at  80°  is  nearly  equal 
to  the  broadside  gain.  The  minimum  of  the  pattern  gain  envelope  occurs  at 
about  69° , and  shows  a dip  to  approximately  lGdB.  The  figure  also  shows  the 
available  area  gain  projected  to  the  various  spatial  angles.  At  9.  5 GHz  the 
measured  broadside  gain  is  21  dB  and  the  peak  gain  for  the  endfire  beam  is 
19.  GdB  (at  8(F).  Measurements  of  power  divider  and  beam  former  circuit  loss 
have  revealed  that  the  total  loss  through  the  G4-element  power  divider  and  wave- 
guide to  coaxial  line  transitions  is  approximately  4dB,  and  when  the  endfire 
circuit  is  used  the  measured  total  feed  loss  is  approximately  1.8dB.  Measured 
directivities  are,  therefore,  approximately  25dB  at  broadside  and  21.4  at  80°. 

Measured  beamwidths  have  been  correlated  with  these  gain  measurements. 
The  observed  H-plane  beamwidth  at  9.  5 GHz  is  8° for  all  scan  angles  and  the 
E'-plane  beamwidth  is  16°  for  the  broadside  beam  and  19.8°  for  the  surface  wave 
endfire  beam.  If  the  assumption  is  made  that  these  beam  structures  have  ideal 
sector  coverage  out  to  the  3dB  points,  with  directivity  given  by  4tt  divided  by  the 
beamwidths  (radians)  in  each  plane,  then  these  measured  beamwidths  are  con- 
sistent with  directivities  of  23  at  broadside,  and  24.  2 at  80°.  The  measured 
directivity  at  80°  is  lower  because  the  beam  formed  by  the  surface  wave  is  far 
from  a pencil  beam  and  has  substantial  radiation  at  angles  well  above  the  horizon. 
Figures  4 through  11  show  this  effect. 


Figure  4.  Array  Gain 
Data  9.  0 GHz 
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Figure  5.  Array  Gain  Data  9.  1 GHz 


Figure  fi.  Array  Gain  Data  9.  2 GHz 


in  i°,  (-i^-cos  0)-4°  10  109  ( 4y*  co*  ^)~40 


Figure  7.  Array  Gain  Data  9.  3 GHz  Figure  8.  Array  Gain  Data  9.  4 GHz 


Figure  3 also  shows  the  locus  of  the  curve: 


f = 10  logjQpy^cos  61  -4.0. 
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MEASURED  GAIN  (dB) 


should  be  a good  approximation  to  the  projected  gain  except  near  endfire.  The 
gain,  whether  measured  directly  or  calculated  from  measured  beamwidth,  is 
approximately  one  dB  above  this  value  at  broadside;  a result  due  apparently  to 
edge  effects  in  the  small  array. 
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Appendix  B shows  that  the  endfire  gain  for  this  array,  assuming  optimum 
gain  or  surface  wave  excitation,  is  somewhere  between  24  and  23  dB.  Again, 
this  is  consistent  with  the  calculation  based  upon  measured  beamwidths  at  80° 

(24.  2dB),  but  the  actual  measured  directivity  of  21.4dB  shows  a loss  of  nearly 
3dB  due  to  the  undesired  radiation  at  higher  angles. 

Figure  3 also  compares  the  patterns  of  the  64-element  array  with  those 
of  an  eight-element  column  array.  Consistent  with  the  1. 8dB  measured  loss 
through  the  eight-way  power  divider,  for  beams  0,  I,  and  II,  the  increase  in 
gain  over  a single  column  is  approximately  7dB.  A nine-dB  gain  would  be 
realizable  if  the  cables,  fittings  and  the  eight-way  power  dividers  were  lossless, 
and  if  the  average  reflection  coefficient  for  the  64 -element  array  were  the  same 
as  that  for  the  single  column.  The  64-element  array  has  approximately  6dB 
more  gain  than  the  column  array  for  beams  III  through  V. 

Figures  4-11  show  the  patterns  of  the  scanned  beams  and  the  surface-wave 
beam  of  the  combined  array-surface  wave  antenna  at  frequencies  9-9.  7 GHz  at 
0.  1 GHz  intervals.  In  all  cases  there  is  an  increase  in  gain  for  Beam  V (surface 
wave  beam)  over  Beam  IV,  and  at  most  frequencies  the  peak  of  the  surface  wave 
formed  beam  is  several  degrees  closer  to  the  horizon  than  Beam  IV,  the  con- 
ventionally scanned  endfire  beam.  Relative  gain  measurements  at  the  horizon 
show  an  increase  of  from  3.  5dB  at  9.  0,  9.  1 and  9.  2GHz  to  5.  5 and  6dB  increase 
in  gain  at  the  higher  frequencies.  The  curves  also  show  the  area  gain  (direct- 
ivity minus  loss)  evaluated  at  9.  5 GHz  for  the  purposes  of  comparison. 

These  data  show  that  the  major  factors  that  establish  bandwidth  limits  are 
the  reduced  gain  of  the  surface  wave  beam  at  the  low  end  of  the  frequency  band 
and  its  somewhat  excessive  gain  at  the  high  end.  Figure  4 shows  that  at  9.0  GHz 
there  is  good  coverage  out  to  about  84°  , but  the  beam  of  the  corrugated  structure 
excited  by  a surface  wave  is  very  broad  and  so  the  horizon  gain  falls  to  about 
15dB.  The  gain  of  the  surface  wave  beam  increases  with  frequency,  reaching 
a peak  at  approximately  9.  6 GHz.  At  9.  7 GHz  the  horizon  gain  is  still  very  high, 
but  the  envelope  of  the  set  of  curves  has  a dip  to  the  15dB  level  at  about  75°. 
Taken  together.  Figures  4-11  document  that  the  technique  can  be  used  to  design 
an  antenna  with  nominal  gain  21  dB  at  9.  5 GHz  and  with  zenith-to-horizon  gain 
contours  exceeding  16dB  over  the  5 percent  bandwidth  from  9.  1 to  9.  6 GHz. 

The  system  gain  exceeds  15dB  over  the  entire  7.  5 percent  band. 

3.  EXPERIMENTAL  OPTIMIZATION  OF  BEAMS  NEAR  HORIZON 

Several  experiments  were  conducted  in  an  attempt  to  optimize  the  gain  and 
angle  of  scan  of  the  array  at  the  lower  angles,  that  is.  Beams  III,  IV  and  V. 
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The  first  experiment  consisted  of  placing  a sheet  of  thin  metal  over  the  openings 
of  the  waveguide  feeds  of  the  surface-wave  exciter.  Throughout  Figures  3-11 
these  waveguides  had  been  terminated  in  a matched  load,  but  in  this  particular 
experiment  the  surface  of  covered  waveguides  constituted  a reflecting  fence  0.  5 in. 
high,  located  at  the  back  edge  of  the  64 -element  array.  The  second  experiment 
consisted  of  placing  a thin  sheet  of  plexiglass  dielectric  directly  in  front  of  and 
abutting  the  64-element  array.  The  sheet  dimensions  were  0.060-in.  thick,  8-in. 
wide,  and  5-in.  long. 

Figure  12  shows  a sketch  of  these  modifications  to  the  array  and  Figure  13 
shows  the  basic  array  patterns  (solid)  for  beam  III,  compared  with  those  taken 
using  the  dielectric  sheet  (dashed),  with  the  surface  wave  exciters  covered  (dash- 
dotted),  and  with  both  the  sheet  and  covered  exciters  (dotted).  In  general,  the  use 
of  shorted  exciter  waveguides  alone  raised  the  gain  for  beam  III  (and,  although 
not  shown,  that  of  beam  IV)  by  0.  5 to  1 . OdB.  Using  a dielectric  slab  alone 
(dashed)  also  increased  the  peak  gain  for  this  beam,  but  produced  a minimum  near 
69°.  This  minimum  became  deeper  when  both  modifications  were  used 
together  (dotted). 

Figures  14  and  15  compare  the  basic  array  patterns  (solid)  with  those  for 
the  array  with  dielectric  (dashed)  for  beam  IV  and  the  surface  wave  beamV. 

Figure  15  shows  that  adding  the  dielectric  slab  increased  the  gain  of  these  two 
beams  and  caused  the  surface  wave  beam  to  bend  more  toward  the  horizon  to 
produce  a further  gain  increase  at  that  point.  Unfortunately,  the  minimum 


Figure  12.  Geometry:  Arrays, 
Feeds  and  Dielectric  Slab 
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Figure  13.  Experimental  Optimization  Patterns:  Beam  III 
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Figure  14.  Comparison  of  Patterns  With  and  With- 
out Dielectric  (Beam  IV) 
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ML  10;  MMUL  MTlUt  DASH:  WITH  5"  , 8"  « .060"  DIELECTRIC 


Figure  15.  Comparison  of  Patterns  With  and  Without  Die- 
electric  (Surface  Wave,  Beam  V) 


observed  at  69°  for  beam  III  remained  at  approximately  the  same  angle  for 
beams  IV  and  V,  and  thus  there  is  no  beam  that  produces  adequate  coverage 
near  70°  for  the  array  with  dielectric  slab.  The  demonstration  of  increased 
coverage  at  the  horizon  does,  however,  support  the  results  obtained  by  Balzano 

3 

et.  al.  who  have  performed  a numerical  optimization  of  a similar  dielectric 
loaded  geometry,  and  have  found  that  such  loading  can  produce  strong  radiation 
at  the  horizon,  but  that  this  is  nearly  always  accompanied  by  a region  of  mini- 
mum gain  at  some  higher  elevation  angle. 


4.  CONCLUSION 


These  experiments  were  undertaken  in  an  attempt  to  exploit  the  potential 
of  using  the  short-circuited  surface  of  a conventional  array  to  form  an  efficient 
beam  near  the  horizon.  The  array  is  phased  according  to  normal  practice  to 
scan  a beam  throughout  a wide  sector  of  space,  but  the  array  is  shorted  at  the 
horizon  and  its  front  surface  is  excited  by  a surface-wave  launcher. 

Results  indicate  that  the  technique  can  provide  gain  within  5dB  of  the 
broadside  gain  over  approximately  a 5 percent  bandwidth,  and  within  GdB  of 
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broadside  over  a 7.  5 percent  band.  These  results  compare  favorably  with  other 
techniques  for  achieving  hemispherical  scan  and  it  is  felt  that  these  data  establish 
a basis  for  further  development  in  the  area  of  flush-mounted  antenna  techniques 
with  zenith-to-horizon  coverage. 

In  addition  to  measurements  of  the  basic  array  structure,  several  other  sets 
of  measurements  were  performed  to  investigate  means  of  enhancing  the  horizon 
coverage.  Chief  among  these  was  the  use  of  a dielectric  slab  to  support  a sur- 
face wave  for  endfire  radiation.  Although  certainly  not  exhaustive,  this  data 
revealed  that  substantial  horizon  gain  enhancement  can  be  obtained,  but  not  with- 
out sacrificing  gain  at  some  intermediate  scan  angle.  Recommendations  for 
future  research  in  this  area  include  a theoretical  effort  to  optimize  the 
scanning  characteristics  of  such  an  array  and  a study  of  techniques  for 
mechanical  implementation. 
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Appendix  A 


Design  of  Feed  Elements 


An  array  of  this  type  with  the  64  elements  adjacent  to  each  other  necessita- 
ted end -on  transitions  with  the  coax  and  waveguide  being  colinear;  the  frequency 
range  was  chosen  between  9.  0 and  10.  0 GHz  with  VSWR  s 1 . 5. 

OSM-size  fittings  were  used  to  accommodate  the  y-band  guide,  flange- 
mounted  connectors  were  used  for  ease  in  mounting  and  modified  bv  soldering 
copper  tubing  (l/8  in.  diam)  over  the  existing  center  conductor.  The  tubing  was 
flattened  and  bent  over  to  one  of  the  broad  faces  of  the  waveguide  to  form  a 
coupling  loop.  A tuning  screw  1 / 8 in.  from  the  loop  (see  Figure  Al)  provided 
adequate  adjustment  for  impedance  matching  to  the  50  ohm  coaxial  line. 


Figure  Al.  Details  of  Coax-to- 
Waveguide  Transition 
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Appendix  B 

Approximate  Formulas  for  Gain  of 
Flat  Arrays  Driven  to  Endfire 

A number  of  authors  give  simple  relations  for  the  endfire  and  optimum 
gain  for  Yagi's  and  other  endfire  structures.  This  Appendix  compai  es  these 
and  gives  some  approximate  results  for  flat  arrays  driven  to  endfire.  In 
addition  to  serving  as  a catalog  for  these  basic  and  simple  engineering  refer- 
ences, the  purpose  of  the  Appendix  is  to  give  some  approximate  bounds  for 

maximum  gain  at  endfire  for  a flat  array  mounted  on  a groundplane.  j 

The  directivity  of  a uniform  column  of  isotropic  elements  is  given  by 

D ~ C L/X  (Bl) 

where  L is  the  length  of  the  line  source  and  C is  a constant.  The  value  of  C 

is  approximately  2 for  broadside,  4 for  a large  array  at  endfire  or  for  a large  : 

array  with  optimum  endfire  gain  (since  the  Hansen-Woodyard  or  Ehrenspeck- 
Poehler  results  give  c/v~l  for  a large  array).  For  short  sources  (3X«Ls8X)  the 

5 

value  of  C is  approximately  7 for  uniformally  illuminated  arrays  with  optimized 
phase  constant  3 > ko,  and  can  reach  the  value  of  10  when  the  optimization  is 
carried  out  to  include  the  source  radiation  (and  hence  for  a non-uniform 
illumination). 


i i 


Assuming  that  the  endfire  or  optimum  endfire  pattern  is  approximately  a 
pencil  beam,  the  beamwidth  is: 


- '4tt 

V o 


. f 4^  >, 

■»  / 77  T“ 

/ C L 


(B2) 


Now  consider  a flat  array  with  dimensions  Lj  in  the  plane  of  scan,  and  L, 
in  the  plane  perpendicular  to  scan.  For  uniform  illumination  in  the  plane  of 
l.g.  the  beamwidth  in  that  plane  is  approximately  8^  -X/L.^  anc'  s0  the  approxi- 
mate gain  for  the  flat  array  for  the  various  endfire  conditions  is: 
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This  result  is  consistent  with  those  obtained  exactly  at  endfire  by  Bickmore 
and  by  Elliott^  if  the  factor  C = 3.  546  is  used. 

Eq.  3 predicts  that  for  arrays  that  are  short  in  the  scan  plane  one  might 
achieve  a gain  improvement  of  s/l 0 / 3 . 55  or  approximately  2.  2dB,  by  using  an 
optimized  gain  design  for  which  the  constant  C is  10.  Although  the  value  of  10 
can  be  obtained  for  short  surface-wave  line  sources,  or  arrays  with  unequal 
amplitude  distributions,  as  obtained  by  optimizing  the  combined  radiation  of  the 
source  and  the  surface-wave  structure,  this  number  is  higher  than  what  can  be 
attained  with  equal  element  excitation  and  progressive  phase.  Figure  3-27  of 
reference  five  shows  a curve  of  parameter  C for  various  lengths  of  column 
arrays  in  that  case  and  indicates  that  more  typical  values  range  between  7 and  8 
for  Lj  between  3 and  10  wavelengths. 

The  equations  for  directivity  given  above  assume  that  the  array  consists 
of  free  space  isotropic  elements  and  hence  there  is  no  element  factor  implied 
that  would  further  constrain  the  pattern.  Assuming  that  the  structure  is  mounted 
on  a flat  or  a large  curved  ground  plane,  the  directivity  will  be  increased  by 
approximately  3dB  over  that  given  in  Eq.  3. 

At  endfire,  the  ratio  of  this  directivity  to  the  broadside  directivity 
2 

4t*  Lj  L^/ X (which  also  assumes  half-space  element  patterns)  is  given  below: 


_D  _ l~C 
D Jr r 
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/L1 


(B4) 


The  most  obvious  conclusion  that  one  can  base  upon  this  equation  is  that  for 
any  given  gain  it  is  advantageous  to  decrease  Lj  as  much  as  possible,  for  this 
minimizes  the  scan  loss. 
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Several  examples  are  given  below  to  show  the  relative  gain  at  the  horizon 
for  a 20 dll  square  array  (L/\~2.8),  a 30dB  square  array  (I./x  ~ 8.  9),  and  the 
array  structure  studied  in  this  report  (L/X  =3.  22  at  9.  5 GHz). 

Example  1:  20  dB  square  array 

10  log  gp-  = -0.  5dB  for  C - 7 optimum  gain  array 

° (uniform  progressive  phase) 

= -2.0  for  C = 3.  55  endfire  array 
Example  2:  30dB  square  array 

10  log  jj-  - -3dB  for  C = 7 optimum  gain  array 
° = -4.  5 for  C = 3.  55  endfire  array 

Example  3:  3.22X.  array  at  9.5GHz 

10  log  — = -0.  0 for  C = 10  array  excited  as  optimum 
° corrugated  surface 

= -0.  77  for  C = 7 optimum  gain  array 
= -2.  25  for  C = 3.  55  endfire  array 
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